The proper functions of cortical circuits are dependent upon both appropriate neuronal subtype specification and their maturation to receive appropriate signaling. These events establish a balanced circuit that is important for learning, memory, emotion, and complex motor behaviors. Recent research points to mRNA metabolism as a key regulator of this development and maturation process. Hu antigen D (HuD), an RNA-binding protein, has been implicated in the establishment of neuronal identity and neurite outgrowth in vitro. Therefore, we investigated the role of HuD loss of function on neuron specification and dendritogenesis in vivo using a mouse model. We found that loss of HuD early in development results in a defective early dendritic overgrowth phase and pervasive deficits in neuron specification in the lower neocortical layers and defects in dendritogenesis in the CA3 region of the hippocampus. Subsequent behavioral analysis revealed a deficit in performance of a hippocampus-dependent task: the Morris water maze. Further, HuD knock-out (KO) mice exhibited lower levels of anxiety than their wild-type counterparts and were overall less active. Last, we found that HuD KO mice are more susceptible to auditory-induced seizures, often resulting in death. Our findings suggest that HuD is necessary for the establishment of neocortical and hippocampal circuitry and is critical for their function.
Introduction
Proper functions of the neocortex and hippocampus are required to carry out spatial learning, memory, and complex motor activities (Bystron et al., 2008; Lui et al., 2011; Arnsten, 2013) . This functionality is established during an intricate developmental process when excitatory glutamatergic neurons within these regions are born, specified into functionally distinct subpopulations, and organize themselves spatially (Bystron et al., 2008; Kriegstein and Alvarez-Buylla, 2009; DeBoer et al., 2013) . Once positioned, neurons create axonal connections with targets either proximal or very distal while also developing complex arbors of dendrites to receive signals from other neuronal afferents. Glutamatergic projection neurons typically exhibit a pyramidal cell body shape, a single apical dendrite that may branch several times before its terminal tuft, as well as an array of basal dendrites, all of which extend spines to receive input. Signaling from axonal afferents and neocortical circuit functions are therefore greatly dependent upon the ability of appropriately positioned neurons to receive input through properly developed dendrites and spines. Disruptions in this process create aberrations in final circuitry and ultimately undermine the function of these regions, resulting in cognitive and motor deficits and seizures (Melzer et al., 2012) . Similarly, perturbations in dendrite and spine morphology are hallmarks of many human disorders such as epilepsy and autism spectrum disorders including fragile X syndrome (Kitaura et al., 2011; Anderson et al., 2012; Clement et al., 2012) .
In order for the largely asymmetrical and polar neurons of the neocortex and hippocampus to develop properly, mRNA important for dendritogenesis must be transported and locally translated (Zivraj et al., 2010; Donnelly et al., 2013) . Therefore, the maturation of dendrites may be mediated by RNA-binding proteins (RBPs) that bind RNA and mediate transcript metabolism (Akamatsu et al., 2005; Keene, 2007; DeBoer et al., 2013) . A large body of work has implicated Hu antigen D (HuD), a uniquely brain-expressed RBP, in neurite outgrowth in vitro (Dobashi et al., 1998; Aranda-Abreu et al., 1999; Anderson et al., 2000; Anderson et al., 2001; Abdelmohsen et al., 2010) . For example, in cultured PC-12 cells and hippocampal neurons, HuD silencing resulted in decreased growth of dendrites, the main recipients of axonal afferents (Aranda-Abreu et al., 1999; Akamatsu et al., 2005; Abdelmohsen et al., 2010) . Further, genetic mutations in HuD were associated with movement disorders in humans (Noureddine et al., 2005; Haugarvoll et al., 2007; DeStefano et al., 2008) and HuD depletion in a rodent model resulted in deficiencies in rotorod-tested motor performance (Akamatsu et al., 2005) . The role of HuD in the establishment and maturation of dendritic arbors in neocortices in vivo and the impact this has on cortical circuitry, however, has not been investigated.
Therefore, using a mouse loss-of-function model, we evaluated the impact of early HuD depletion on the specification, arborization, and function of neurons in the adult neocortex and hippocampus. Our findings demonstrate HuD's specific role in the identity and differentiation of a subpopulation of cortical glutamatergic neurons that underlie cognition, spatial memory, and appropriate circuit function.
Materials and Methods
Subjects. HuD wild-type (WT) and knock-out (KO) mice were bred as littermates from heterozygous parents as described previously (Akamatsu et al., 2005) . HuD-GFP reporter mice were purchased from GENSAT (www. gensat.org). We analyzed mice at postnatal day 28 (P28) and P90 using a Golgi method for dendrites; all other analyses were performed at P60 -P90. All studies were run blind with respect to subject genotype. Genotyping was performed as described previously (Akamatsu et al., 2005) . All procedures were in compliance with Rutgers University Robert Wood Johnson Medical School Institutional Animal Care and Use Committee protocols. A total of 72 mice of either sex were used for analysis.
Immunohistochemistry. Experimental sections were collected and perfused with 150 ml of 4% PFA, pH 7.4, and postfixed up to 24 h at ϩ4°C. Fixed brains were sectioned coronally using a Leica vibratome at 70 m. Immunohistochemical experiments were performed as described previously . The following primary antibodies used in dilution: 1:100 rabbit anti-Cdp (M22 catalog #SC-13024; SCBT), 1:250 mouse anti-Tle4 (E10 catalog #SC-365406; SCBT), 1:1000 chicken anti-GFP (catalog #GFP-1020; Aves), 1:1000 rabbit anti-glial fibrillary acidic protein (anti-GFAP; catalog #ab7260; Abcam), 1:100 mouse anti-CC1 (catalog #OP80; Calbiochem), 1:100 mouse anti-parvalbumin (catalog #235; Swant), 1:250 mouse anti-NeuN (catalog #Mab377; Millipore), and 1:250 mouse anti Gad67 (catalog #MAB5406; Millipore). Secondary antibodies, Cy2, Cy3, and Cy5 were used at 1:250 (Jackson ImmunoResearch). Confocal imaging was performed using an FV1000MPE microscope (Olympus) with 10ϫ and 60ϫ Olympus objectives.
Cell specification analysis. Confocal images of immunostained cortical plate of WT and HuD KO 70 m coronal sections were taken. The cortical plate was then equally subdivided into columns of 10 virtual bins from layer II (bin 1) to subplate (bin 10). Total DAPI ϩ nuclei were counted, as well as Cdp ϩ or Tle4 ϩ neurons and NeuN ϩ neurons. Analysis was performed by counting total number of DAPI ϩ cells in each column of 10 bins. The proportion of each column's DAPI ϩ cells that were Tle4 ϩ , Cdp ϩ or NeuN ϩ was noted for each bin. Three columns were counted per brain and means were compared for each bin between genotypes using a Student's t test. Equal rostral caudal levels were chosen for analysis using the Allen Brain Atlas. n ϭ 4 per genotype and p Ͻ 0.05 was considered significant. Golgi staining and analysis. HuD WT and KO brains were taken from P28 and P90 mice and processed as per the manufacturer's protocol (rapid Golgi kit; FD Neurotechnologies). Fully processed brains were sectioned at 270 m and coverslipped as per the manufacturer's protocol. Z-stack images (2 m step) were taken of at least 5 upper and 5 lower layer neocortical projection neurons from the middle of the slice and at least 5 CA3 pyramidal neurons per brain (n ϭ 3 brains per genotype per age). All images were taken using a Leica DMRE bright-field microscope with Openlab software. Multi-tiff Z-stack images of neurons were reconstructed using off-site Neurolucida software and analyzed as described previously .
qRT-PCR. Cortices were manually dissected from embryonic day 15 (E15), P7, and P90 mice and hippocampi were manually dissected from P7 and P90. Whole RNA was extracted using the RNeasy kit from Qiagen. Resulting RNA was DNAsed using the Ambion Turbo DNase kit. qRT-PCR was performed using the Invitrogen one-step qRT-PCR thermocycler. HuD mRNA was quantified using custom TaqMan PN 4331348 probe order AIRR9ZJ and normalized to Gapdh Mm99999915_g1 TaqMan probe using TaqMan RNA-to-CT 1-Step Kit (n ϭ 2 brains per age).
Electroporation and cell culture. In utero electroporations were performed using control shRNA and HuD shRNA plasmids (origene sku TG501025) coelectroporated with CAG-RFP or CAG-GFP, respectively, as described previously at E13.5 . Electroporated pups were allowed to gestate for 4 h before they were removed from the dam and the transfected neocortices were manually dissected (see Fig. 6 ). Dissected cortices were then dissociated and cultured for either 1 or 3 days in vitro (DIV) on laminin and poly-L-ornithine plates using neurobasal medium supplemented with B27, glutamax, sodium pyruvate, and penicillin-streptomycin, as described previously (Sestan et al., 1999) . After 1 or 3 DIV, primary cultures were fixed in 4% PFA, imaged with a confocal microscope, and reconstructed using Neurolucida software (1 DIV Ctrl, n ϭ 5; 1 DIV HuD shRNA, n ϭ 8; 3 DIV Ctrl, n ϭ 5; and 3 DIV HuD shRNA, n ϭ 4).
Motor activity. Mice were placed into one of two behavioral spectrometer chambers (Behavioral Instruments). Each chamber consisted of a 40 cm ϫ 40 cm arena equipped with floor and wall sensors. All vibration, locomotor, and rearing movements were captured by acceleration, weight, and photobeam sensors, respectively. Sensor readings were recorded, analyzed, and compared with a master list of 23 built-in behaviors. Categorization of behavior was achieved using a best-fit procedure such that every second of the session was scored (http://www.behavioralinstruments.com/). Mice were placed in the center of the arena and data were collected for 30 min. Between sessions, the chambers were wiped with 70% ethanol. Behavioral data collected from the behavioral spectrometers was subjected to a two-way ANOVA (behavioral category repeated) with genotype and behavioral category as the two factors. Post hoc comparisons between genotypes on each behavior were made using a Student-Newman-Keuls procedure; p Ͻ 0.05 was considered significant.
Water maze. The water maze consisted of a circular tub 71 cm in diameter and 29 cm in height painted white on the interior and filled 3 ⁄4 full with water maintained at 23-26°C and made opaque with white, nontoxic latex paint. A starting point was determined randomly from one of four equally spaced quadrants. For visible platform testing, an 8.0-cm-diameter black platform was placed in one quadrant of the maze with the platform 1.5 cm above the surface. This procedure was repeated 5 times, and a mean of each trial was generated for each genotype (n ϭ 5 WT and n ϭ 8 KO). In the hidden platform, an identical platform painted white sat 2 cm below the surface of the water. Animals received five trials each day and each animal was allowed a maximum of 60 s to reach the escape platform. A total of four trial days were performed. The position of the hidden platform remained constant throughout the experiment and the room was illuminated and extramaze cues were present. If the animal did not reach the platform in 60 s, a score of 60 was recorded and the animal was gently guided to and placed on the platform. During the intertrial interval of 30 s, all animals rested atop the platform until the next trial began. Mean latency times were collected for each genotype and compared using a oneway ANOVA (n ϭ 5 WT and n ϭ 8 KO). p Ͻ 0.05 was considered significant.
Elevated plus maze. The elevated plus maze consisted of 2 long closed arms (65 cm long ϫ 8 cm wide), two short open arms (30 cm long ϫ 9 cm wide), and a central square of 5 cm ϫ 5 cm; the maze was 60 cm above the floor. Each mouse was placed in the center square and observed for 10 min. The number of times the animal crossed into a closed arm or an open arm was recorded as was the total time in each arm. The maze was washed with 70% alcohol between trials. Mean proportion number of seconds and total proportion of time spent in each arm was collected for each genotype and compared using a Student's t test.
Seizure susceptibility. Seizure susceptibility was assayed in mice individually housed in their home cage using a 30 s metallic, auditory stimulus of 60 decibels generated 6 inches above the top of the cage. Convulsion was noted if tonic-clonic seizure was provoked. The proportion of animals experiencing seizure was compared using a standard Z test.
Results

HuD is expressed in mature hippocampal and cortical glutamatergic neurons
Largely in vitro work has demonstrated HuD as a marker of differentiated neurons (Szabo et al., 1991; Lee et al., 2003; Darsalia et al., 2007) . To address whether HuD is involved in neuronal subtype specification and circuit functions in adults in vivo, we first assessed specificities in HuD expression in two cortical regions that are rich in diverse neuronal subtypes and have been implicated in learning, memory, and higher cognitive functions: the hippocampus and neocortex. To do this, we obtained an HuD-GFP mouse; a transgenic line that expresses Green fluorescent protein (GFP) under the control of the HuD promoter. Through immunohistochemical analysis at P28, we found that GFP is not expressed in the Cdp ϩ upper layer intracortically projecting neocortical neurons (layers II-IV), whereas expression is robust in Tle4 ϩ subcortically projecting lower layer neurons ( Fig. 1A-E ). This cortical expression pattern was confirmed through DAB staining for GFP in HuD-GFP transgenic neurons ( Fig. 1 F , FЈ,FЈЈ; Gong et al., 2003) . Upon investigation at 60ϫ magnification, we found colocalization at 60 Ϯ 10.5% of HuD ϩ for Tle4 ϩ (layers V and VI) and 46.6 Ϯ 6.7% of Tle4 ϩ neurons were HuD ϩ in subcortically projecting lower layer neurons (Fig. 1G ). These findings suggest that HuD may be a novel molecular marker for a subpopulation of lower layer neurons in adult neocortices.
Next, we assessed HuD-GFP expression in mature hippocampal regions CA1-3 and the dentate gyrus ( Fig. 2A-D) . We found robust expression in all of these hippocampal regions' cell bodies, which is consistent with the location of glutamatergic neurons. Given that we found HuD expression in Cdp ϩ and Tle4 ϩ neocortical primary neurons, we next assessed whether HuD is expressed in glutamatergic, excitatory neurons and not GABAergic interneurons (DeFelipe et al., 2013) . To this end, we performed immunohistochemistry with antibodies detecting glutamate decarboxylase (Gad67) and the calcium-binding protein parvalbumin. These proteins identify all GABAergic interneurons and subset of interneurons, respectively. We found no colocalizations of either marker of interneurons with HuD-GFP in the neocortex or hippocampus (Fig. 2E-L ). Further analysis of HuD expression with CC1, a marker of mature oligodendrocytes, and GFAP, a mature astrocyte marker, also yielded no colocalizations (data not shown). Therefore, these data indicate that HuD is expressed robustly in a subpopulation of glutamatergic excitatory neurons of lower neocortical layers and the hippocampus. maker and Arlotta, 2010; DeBoer et al., 2013) . Previous findings indicate that HuD deletion induces cell death in neural stem cells and cell identity changes in vitro (Akamatsu et al., 2005) . HuD KO mice, however, survive to adulthood and are viable. Therefore, we aimed to investigate the role of HuD depletion from the earliest developmental period on the identity of adult neocortical projection neurons. To do this, we bred HuD KO mice and performed immunohistochemical analysis of neuronal subtypes identified by Cdp and Tle4 (Fig. 3 A, B ) and quantified their distribution in 10 equal bins from layer II (bin 1) to the subplate (bin 10). Upon analysis of the proportion of cells (DAPI ϩ ) in each bin that were either Tle4 ϩ or Cdp ϩ , we found a significantly lower proportion of DAPI ϩ cells that were Tle4 ϩ in all but 1 of the bins from bin 6 -10, which correspond to lower neocortical layers (mean percentages 0.6, 1.6, 4.1, 4.3 and 4.5 for WT, respectively, vs 0.4, 0.8, 3.7 and 3.1 in KO, respectively; p ϭ 0.043, 0.005, 0.03, 0.223, and 0.01, respectively; Fig. 3C ). Conversely, we found a modest upregulation of Cdp ϩ /DAPI ϩ cells in the HuD KO brains only in bin 5, which is a transition between upper and lower neocortical layers generally without robust expression of either marker (mean percentage ϭ 0.9 for WT and 0.3 for KO, p ϭ 0.006; Fig. 3C ). No differences in total DAPI ϩ number were observed. When the total proportion of Cdp and Tle4 ϩ cells in each column were considered, we found a slight but insignificant increase in the proportion of Cdp ϩ cells in the KO cortex and a significant downregulation of Tle4 ϩ cells (mean percentage ϭ 45.6 and 32.5 for WT and KO, respectively, p ϭ 0.0004; Fig.  3 D, E) . Investigation using a pan-neuronal marker, NeuN, revealed no changes in NeuN ϩ /DAPI ϩ neurons per neocortical bin or total neocortical NeuN ϩ /DAPI ϩ neurons (Fig. 3F ,G, and data not shown). These results suggest that HuD is involved in the specification and/or maintenance of a subpopulation lower layer neocortical neurons that predominantly project subcortically, which may affect the function of this portion of the neocortical circuit.
HuD is critical for the balanced expression of Tle4 in lower layer neocortical neurons
Dendritogenesis at P28 is affected in the hippocampus and lower, but not upper, neocortical layers of the HuD KO Previous studies have implicated HuD in neurite outgrowth in vitro (Chung et al., 1997; Dobashi et al., 1998; Aranda-Abreu et al., 1999; Anderson et al., 2000; Anderson et al., 2001; Pascale et al., 2004; Smith et al., 2004; Fukao et al., 2009; Abdelmohsen et al., 2010) . To determine whether HuD deletion disrupts cortical dendritogenesis in vivo, we performed a quantitative Golgi analysis on P28 WT and HuD KO neurons of lower HuD is not expressed in Gad67 or parvalbumin ϩ interneurons and is expressed in the CA1-3 and dentate gyrus of the hippocampus. A-D, Representative 10ϫ confocal images of hippocampal subregions CA1, CA2, CA3, and dentate gyrus, respectively. Bottom, Schematic of HuD-GFP expression in the hippocampus. Red boxes denote regions where representative confocal images were captured. E-H, Representative 60ϫ confocal images of cortical of DAPI (blue), HuD-GFP (green), Gad67 (red), and merged channels, respectively. I-L, Representative 60ϫ confocal images of cortical of DAPI (blue), HuD-GFP (green), parvalbumin (red), and merged channels, respectively. and upper neocortical layers and the CA3 region of the hippocampus. Previous investigation has demonstrated that HuD is involved in circuit formation and function in CA3 (Fig. 4 A, D ; Perrone-Bizzozero et al., 2011) . At P28, dendritic arbors are nearly fully formed, but the young animals have had very little exposure to confounding variables that modify dendritic arbors, such as handling, social activity, and sexual maturity (Gibb and Kolb, 2005; Pitchers et al., 2010) . Using 3D reconstruction with Neurolucida software in a double-blind fashion, we found decreased dendritic complexity in the lower cortical layers (layers V and VI) in HuD WT and KOs (Fig.  4 B, C, E, F ) . Within these data, we found that a proportion of neurons show similar branching between WT and KO, whereas a subset of neurons showed significant differences. When we analyzed the entire quantified population as a group, we found that lower layer neurons had fewer basal branch points (mean WT ϭ 9.067 branches, SE ϭ 2.4 vs KO ϭ 6 branches, SE ϭ 1.6; p ϭ 0.03), had fewer branch endings (mean WT ϭ 16 vs KO ϭ 12.7 p ϭ 0.05), and basal dendrites were shorter in total length (mean WT ϭ 4193 m, SE ϭ 948 vs KO ϭ 2478 m, SE ϭ 211; p ϭ 0.029). Apical dendrites of lower layer neurons were also affected and had fewer branch points (mean WT ϭ 3.3 branches, SE ϭ 0.506 vs KO ϭ 1.8, SE ϭ 0.381; p ϭ 0.01), had fewer dendritic endings (mean WT ϭ 11.7 vs KO ϭ 9.07 p ϭ 0.04), and were shorter in total length (mean WT ϭ 3566 m SE ϭ 403 vs KO ϭ 2031 m, SE ϭ 279; p Ͻ 0.01; Fig. 4 A, C) . The CA3 region of the hippocampus showed decreased differentiation similar to the lower neocortical layers, where CA3 neurons had fewer basal branch points (mean WT ϭ 9.73, SE ϭ 1.65 branches vs KO ϭ 4.6, SE ϭ 0.58, p ϭ 0.007), had fewer dendritic endings (mean WT ϭ 13.5, SE ϭ 1.70 vs KO ϭ 7.8, SE ϭ 0.69, p ϭ 0.01), and were shorter in total length (mean WT ϭ 4127 m, SE ϭ 536 vs KO ϭ 1694, SE ϭ 211, p ϭ 0.0005; Fig. 4D-F ) . Apical dendrites of CA3 neurons were also affected and exhibited fewer branch points (mean WT ϭ 9.8, SE ϭ 1.17 vs KO ϭ 4.6, SE ϭ 0.72, p ϭ 0.0007), had fewer dendritic endings (mean WT ϭ 10.8, SE ϭ 1.17 vs KO ϭ 5.67, SE ϭ 0.70, p ϭ 0.001), and were shorter in total length (mean WT ϭ 4436, SE ϭ 536 m vs KO ϭ 2048, SE ϭ 211, p ϭ 0.0002). Interestingly, upper neocortical layers as a group were comparatively unaffected and had similar numbers of basal branch points (mean WT ϭ 7.3, SE ϭ 1.16 vs KO mean ϭ 8.4, SE ϭ 1.14, p ϭ 0.22), basal branch length (mean WT ϭ 3765 m, SE ϭ 376 vs KO mean ϭ 3720 m SE ϭ 518, p ϭ 0.047), apical branch points (mean WT ϭ 3.133, SE ϭ 0.68 mean vs KO ϭ 4.5, SE ϭ 0.85, p ϭ 0.082), and apical branch length (mean WT ϭ 3145 m, SE ϭ 403 vs KO mean ϭ 3500 m, SE ϭ 451, p ϭ 0.26; data not shown). These data indicate that constitutive loss of HuD early in development has a pervasive effect on the establishment of cortical circuits, particularly on dendritic arborization in a subpopulation of neurons in the adult neocortex and hippocampus.
Dendritic morphology deficits in the hippocampus persist in the adult HuD KO We followed our P28 dendritic morphology analysis with an assessment of the P90 adult neocortex and CA3 hippocampus. At this age, we sought to determine whether the deficits that we found in developing dendritic arbors persisted in the mature, behaving animal. To this end, we again performed quantitative Golgi on P90 animals and reconstructed neurons in the CA3 hippocampus and lower neocortical layers (Fig. 4 A, D) . Our findings in the neocortex indicate that overall basal and apical length decreased from P28 to P90 in WT animals (to 69% and 72% of P28 length, p ϭ 0.06 and p ϭ 0.002, respectively), which is consistent with previous findings of a lifespan of dynamic changes in dendrite length (Metzger, 2010) . KO lengths however, did not change discernibly (P90 length ϭ 92% and 90% of P28 length of basal and apical dendrites, respectively). Neocortical arborization in lower layers at P90 did not reach significance for the metrics of apical dendritic length (mean WT ϭ 2572, SE ϭ 166 vs KO ϭ 2260, SE ϭ 168, p ϭ 0.09), dendritic branches (mean WT ϭ 2.8, SE 0.4 vs KO ϭ 2.4, SE ϭ 0.4, p ϭ 0.29), or dendritic endings (mean WT ϭ 11.6, SE ϭ 0.76 vs KO ϭ 11.3, SE ϭ 0.89, p ϭ 0.4; Fig. 4B ). Basal branching was persistently deficient in neocortical lower layer neurons (mean WT ϭ 7.7, SE ϭ 0.97 vs KO ϭ 5.4, SE ϭ 0.59, p ϭ 0.03) and whereas other indices showed some reduction, significance was not reached in basal length (mean WT ϭ 2906 m, SE ϭ 300 vs KO ϭ 2696 m, SE ϭ 228, p ϭ 0.28) or basal branch endings (mean WT ϭ 13.9, SE 1.23 and KO ϭ 12.2, SE ϭ 0.67, p ϭ 0.1; Fig. 4C ). These data suggest that HuD is required for the expansion/overgrowth of dendrites during early postnatal development in mice.
Analysis of the CA3 hippocampus at P90 showed no significant change in the apical region for branch length (mean WT ϭ 1923, SE ϭ 261 vs KO ϭ 2138, SE 343, p ϭ 0.31), branches (mean WT ϭ 7.3, SE ϭ 1.2 vs KO ϭ 9.1, SE ϭ 1.8, p ϭ 0.29), or branch endings (mean WT ϭ 10, SE ϭ 1.18 and KO ϭ 10.6, SE 1.7, p ϭ 0.36; Fig. 4E ). However, persistent defects in basal branch length (mean WT ϭ 5890 m, SE ϭ 716 vs KO ϭ 3431, SE ϭ 457, p ϭ 0.004), basal branching (mean WT ϭ 19.1, SE ϭ 2.1 vs KO ϭ 13.2, SE 1.8, p ϭ 0.02), and basal branch endings (mean WT ϭ 26, SE ϭ 2.2 vs KO ϭ 18, SE ϭ 2, p ϭ 0.004) were noted (Fig. 4F ) . In sum, these findings demonstrate that HuD is involved in the development of apical and basal dendrites in lower neocortical layers and the hippocampal CA3 region and that many of these deficits persist in the mature animal, suggesting functional circuit deficits.
HuD levels decrease from E15 to adult in the neocortex and hippocampus
To ascertain the relationship between HuD expression and the selective arborization defects we discovered at P28 and P90, we next investigated the developmental expression of HuD across the timeframe of our studies. Therefore, we accessed the GENSAT database for developmental confirmatory images of the HuD-GFP reporter mouse that we characterized here ( Fig. 5A-C;  Gong et al., 2003) . These images show that HuD-GFP DAB signal decreases from E15 to P7 and becomes more regionally restricted to lower layer neurons (Fig. 5 A, B) . HuD signal decreases again in the adult and is restricted only to lower layers (Fig. 5C ). To confirm this expression, we accessed the St. Jude Research Hospital in situ database and searched for HuD in situ images complementary to the HuD-GFP DAB staining (Magdaleno et al., 2006) . HuD mRNA expression closely resembled the HuD-GFP DAB pattern, particularly at the P7 and adult stages (Fig. 5AЈ-CЈ) . It should be noted that the untagged GFP molecule is free to diffuse into any compartment of the cell, which may explain DAB signal in regions where mRNA is not detected. Subsequently, we confirmed the HuD mRNA expression decrease from E15 to adult quantitatively by performing qRT-PCR for HuD at E15, P7, and adult in hippocampal and neocortical tissue (Fig. 5 D, E) . Our results demonstrate a significant decrease in HuD mRNA from E15 to P7 in both hippocampus and neocortex (normalized to E15 neocortex, SE ϭ 0.08; mean fold change to P7 neocortex ϭ 0.054, SE ϭ 0.001; mean fold change to P7 hippocampus ϭ 0.034, SE ϭ 0.003, p Ͻ 0.01 for all measures). Closer examination of the relationship between P7 HuD expression and adult reveals a subsequent decrease in HuD expression from P7 to adult in either cortical region (normalized to P7 neocortex HuD expression (SE ϭ 0.03-fold, P7 hippocampus mean fold change ϭ 0.64, SE ϭ 0.05; mean fold change to adult neocortex ϭ 0.62 fold, SE ϭ 0.05; and mean fold change to adult hippocampus ϭ 0.34, SE ϭ 0.004, p Ͻ 0.01 for all measures; Fig. 5E ).
HuD depletion disrupts dendritic outgrowth in cultured neocortical neurons
We next investigated how early HuD is required in dendritic arborization. In Figure 5A , we show that HuD is highly expressed in the developing neocortical plate during neocorticogenesis, which is in agreement with previous studies (Okano and Darnell, 1997; Gong et al., 2003; Magdaleno et al., 2006) . Therefore, we performed in utero electroporation of Ctrl shRNA/RFP or an efficient HuD shRNA/GFP plasmid at E13, when lower layer neocortical neurons are born ( Fig. 6A-BЈ ; DeBoer and Rasin, 2013) . We then dissociated the transfected neocortices and cultured them for 1 and 3 d before fixing and reconstructing the resulting transfected neurons (Fig. 6C,D) . We found no significant difference in the number of dendrites per cell or the length of dendrites at 1 DIV (mean dendrites Ctrl ϭ 3.4 Ϯ 0.81 vs HuD shRNA ϭ 2 Ϯ 0.65, mean dendritic length Ctrl ϭ 11.1 Ϯ 2.31 vs HuD shRNA ϭ 9.11 Ϯ 2.13 m, Fig. 6 E, G, I, K ) . Although there was no significant change in dendrite number at 3 DIV, we noted a significant decrease in dendritic length com- Fig. 6 F, H, J, L) . Therefore, silencing of HuD at E13.5 reduced neurite outgrowth significantly 3 d after transfection. These findings support that HuD is critically involved in the earliest stages of dendrite outgrowth in the neocortex.
HuD KO mice are less active than WT To determine the effect of possible specification and circuitry deficits on the behavior of HuD KO mice, we used a novel device that generates a broad, spectral analysis of HuD WT and KO littermates. The behavioral spectrometer reads photobeam breaks and vibrations of mice and extrapolates a multitude of behaviors. Figure 7 shows the effect of the KO manipulation on unconditioned behavior emitted by the mice in an open field. In general, KO mice significantly apportioned more of their time in low-energy-expending activities (stationary) and less in the highenergy activity of locomotion ( p ϭ 0.012). In addition, within the four categories of behavior (stationary, orienting, rearing, and moving) the KO mice engaged significantly more ( p Ͻ 0.05) in relatively less energetic actions such as "still," "sniff," "clean limb," and "shuffle" and significantly less ( p Ͻ 0.05) time in energetic actions such as walking, running, and trying to climb the walls (i.e., "rear climb"). Typically, still behavior such as remaining prone or freezing indicate an anxiety response, suggesting that HuD KO mice may have a greater propensity to anxiety-induced behaviors (Crawley, 1999; Lau et al., 2008) .
HuD KO mice display abnormalities water maze and elevated plus maze Previous research has demonstrated motor deficits in HuD KO mice; however, cognitive deficits have not been assessed (Akamatsu et al., 2005) . To determine whether the deficiencies in hippocampal differentiation shown in Figure 4 affected the function of this circuit, we performed a behavioral analysis associated with this circuit, the Morris water maze. Previous work has demonstrated that HuD is upregulated in the hippocampus after the Morris water maze challenge (Pascale et al., 2004) . In this task, mice swim toward a platform in an opaque bath and use visual cues surrounding a circular tub to orient themselves within the opaque bath to find a platform hidden below the water's surface. First, we tested the ability of WT and KO mice to find and swim toward a visible platform (Fig. 8A) . By the third of five trials, HuD KO mice swam to and mounted the platform as quickly as WT and there was no significant difference between the genotypes. Subsequently, mice were challenged to find the platform when it was submerged (hidden trial). Here, we found that HuD KO mice took significantly longer to locate and mount the platform, especially in days 3 and 4 of this trial (WT means ϭ 13.6, 10.8, 6.8, and 5 s for trial days 1-4, respectively, vs KO means ϭ 17.1, 12.8, 13.2, and 9.4 s, p ϭ 0.02, 0.42, 0.02, and 0.03 for each trial, respectively; Fig. 8B ). These data indicate that HuD KO mice have difficulty learning how to orient themselves in the water maze environment, particularly because they performed more poorly in the later trials.
Hippocampal and neocortical circuits are also part of the limbic system and are involved in anxiety (Packard, 2009 ). Therefore, we assessed the levels of anxiety in the HuD KO mice by using the elevated plus maze. This maze contains an open arm (no walls) that mice avoid (Holt et al., 1988) . Therefore, WT mice often spend most of the time in the closed portion of the maze. Compared with WT littermates, however, HuD KO mice spent a greater amount of the trial time in the open arm (mean WT ϭ 59 vs KO ϭ 118.5 s, p ϭ 0.011; Fig.  8C ), as well as a greater proportion of the trial in the open arm(mean WT ϭ 11.7% vs KO ϭ 27.3%, p ϭ 0.041; Fig. 8D ). These data indicate an aberrant response to anxiety-producing environments after HuD depletion or an inability to perceive the open arm as a threatening environment.
HuD loss of function predisposes mice to auditory-induced seizure
Hu proteins have been previously implicated in governing total cortical glutamate levels and neuronal excitability by mediating the expression of Glutaminase (Gls) in the cortex (Ince-Dunn et al., 2012) . Further, our previous findings demonstrate that HuD controls aspects of circuit formation in the neocortex and hippocampus, two areas heavily implicated in the generation of seizures. Therefore, we assessed whether HuD KO mice were more susceptible to auditory-induced seizures than WT littermates. To this end, we presented a metallic, auditory stimulus to KO animals and their WT littermates for 30 s (Halladay et al., 2006) . Remarkably, 62.5% of KO animals responded with full-body convulsion, and 37.5% of those tested died subsequently (Fig. 9) . In contrast, no WT animals experienced convulsion during this stimulus. These findings indicate that loss of HuD disrupts neuronal excitability in vivo.
Discussion
Upon initiating our study, we surmised that constitutive loss of HuD function would affect cortical circuit form and function in adult mice and that this would read out as cognitive and behavioral deficits. Our findings support this theory and demonstrate that HuD determines the molecular identity of a subpopulation of deep layer projection neurons of the adult neocortex. Further, we have demonstrated that HuD is involved in the dendritic arborization of a subset of lower layer neocortical projection neurons, as well as those in the CA3 region of the hippocampus. These findings are in agreement with studies performed in vitro strongly implicating HuD in dendritogenesis processes (Dobashi et al., 1998; Smith et al., 2004; Bolognani et al., 2007; Perrone-Bizzozero et al., 2011) . However, we also found that HuD is required for the appropriate dendrite overgrowth/expansion phase in neocortical layers V and VI at P28 because, by P90, WT length decreased to KO levels. We found that these molecular and neuroanatomical changes are accompanied by learning deficits in the Morris water maze test, a hippocampus-dependent task. We also noted that HuD KO mice are less anxious based on our findings in the behavioral spectrometer and elevated plus maze experiments. These results demonstrate a possible global role for HuD in the specification of neuron identity and circuit formation of the CNS, starting from stem cells (Akamatsu et al., 2005) .
The study of glutamatergic neuronal subtypes in the neocortex is a field of intense interest given that projection neurons are functionally distinct and underlie a multitude of complex neocortical functions (Molyneaux et al., 2007; Leone et al., 2008; DeBoer et al., 2013) . As these studies progress, new molecular markers with increasing and overlapping specificity are desired to delineate the array of neocortical projection neuron subtypes. Our findings indicate that HuD is expressed in a subset of Tle4 ϩ lower layer neocortical projection neurons. However, we found that HuD expression is more restricted to deeper layers than Tle4 and that colocalization between these two markers is only 60 Ϯ 10.5% (Fig. 1) . Therefore, HuD-GFP could be particularly useful as a new molecular marker of a subpopulation deep layer cortical neurons in the adult neocortex. This pattern of expression is consistent with previous studies showing that HuD mRNA is expressed more deeply in the cortex than HuC (Okano and Darnell, 1997; Magdaleno et al., 2006) . It is possible that there are differences between our HuD reporter expression and HuD protein expression. However, this is unlikely given that previous findings at the mRNA level show similar expression. HuD is more ubiquitously expressed throughout the cortex in development and expression becomes more limited and regionally specific in the adult. Our findings and previous data demonstrate a decrease in HuD expression from P7 to the adult stage (Bolognani et al., 2007) . Therefore, HuD may have active roles in the establishment and maturation of cortical circuits.
Interestingly, our analysis showed specificity in HuD effects on cortical neurons. We found that only the dendritic arborization of a subset of lower neocortical layers was affected by HuD loss of function. Newly formed dendrites will expand and overgrow due to growth factors, which will later be fine tuned by activity to decrease the length (Metzger, 2010) . Our data demonstrate that lower neocortical dendrites fail to efficiently extend dendrites at P28 in the KO compared with similar aged WT littermates. When analyzed again at P90, HuD KO dendrites were of similar length to P28 KO, whereas WT dendrites of P90 animals retracted significantly. Early overgrowth followed by a subsequent retraction period is a known phenomenon in neocortex and may be a critical phenomenon for the formation of balanced, mature cortical circuitry (Judas et al., 2003; Metzger, 2010; Petanjek et al., 2011), which may be evolutionary also adapted . Our data also demonstrate pervasive deficits in dendritic complexity of projection neurons in both lower neocortical layers and the hippocampal CA3 subregion of HuD KOs. In this way, HuD may have a dual effect on normal process of circuitry establishment and circuit maintenance in the neocortex and hippocampus. To our knowledge, HuD is the first RBP to be described as having a specific role in initial dendritic overgrowth/ expansion in the developing neocortex.
Previous work has demonstrated that the molecular players in the differentiation of upper and lower neocortical layers are different Chen et al., 2008; Gyorgy et al., 2008; Cubelos et al., 2010; . Although the mechanism of HuD and many of its targets have been partially elucidated, HuD binds promiscuously and likely mediates the metabolism of a multitude of transcripts that coordinately carry out neuronal maturation in the cortex (Ince-Dunn et al., 2012) . HuD is also known to be involved in several stages of mRNA metabolism: nuclear transport, subcellular transport, stabilization, and translation (Kasashima et al., 1999; Bolognani et al., 2007; Fukao et al., 2009; Fallini et al., 2011) . Further, given our data showing that HuD is involved in the process of neuronal specification and arborization, it is likely that the targets of HuD may be differential throughout cortical neurogenesis, postmitotic specification, and dendritogenesis.
The lower layer neocortical neurons in which we noted HuD expression project subcortically, primarily to the thalamus, brainstem, and spinal cord Kriegstein and Alvarez-Buylla, 2009; McKenna et al., 2011; DeBoer et al., 2013) . The corticospinal and corticothalamic neurons are found in this region and control complex sensorimotor behavior. Our finding that HuD loss of function inhibits the specification and differentiation of these lower layers suggest that disruption in motor circuits guides fine motor movements in rodents. These findings are consistent with previous reports showing that HuD KO mice are less able to perform well on the rotorod challenge (Akamatsu et al., 2005) .
One of our central findings is that HuD KO mice are more susceptible to seizure induced by an auditory stimulus than WT littermates. This novel finding also follows previous research that Hu proteins govern neuronal excitability given that hyperexcitibility of cortical circuitry is a hallmark of epilepsy (Ince-Dunn et al., 2012) . These findings implicated HuC/D in the translation of Gls, which ultimately controls cortical glutamate levels. Further, these studies demonstrated that the HuC knock-out mouse has baseline abnormalities in EEG with the appearance of seizure without convulsion. Our findings suggest that the loss of HuD function predisposes mice to behavioral convulsion in the presence of an auditory stimulus and that a subset of glutamatergic neurons' morphology is disrupted. In concert, these findings suggest that RNA metabolism through Hu family proteins may be critical for appropriate cortical circuit function and warrant subsequent investigation as epileptic risk factors in the clinical setting. At the preclinical level, the mechanism of Hu proteins' involvement in convulsion must be further investigated. For example, subdissections of the HuD-GFP mouse in the WT and HuD KO background coupled to flow cytometric sorting and ribosomal footprinting or HITS-CLIP may elucidate the metabolism of HuD-regulated transcripts in a cell-specific fashion. These data may help investigators to identify messages implicated in seizure that are governed by HuD. Further, the focal region of Hu loss of function seizures has not been investigated and field potential recordings from the available KOs may be instructive in this regard. In addition, we analyzed KOs that have HuD depleted very early in development, suggesting that early events may underlie convulsions in adults, which is in agreement with previous findings (Wang et al., 2011) .
Clinical studies have associated single nucleotide polymorphisms in HuD with Parkinson's disease age of onset; however, there is no established link with the epileptic movement disorders (Noureddine et al., 2005; Haugarvoll et al., 2007; DeStefano et al., 2008) . Perhaps subsequent work will scrutinize data from these studies for the presence of epilepsy in populations with HuD mutations. Furthermore, cognitive deficits are a common comorbidity of epilepsy (Perrine and Kiolbasa, 1999) , which is in agreement with our Morris water maze findings. The results of our study implicate HuD in the generation and differentiation of cortical brain regions and their lifelong function. In concert with previous work, these findings implicate HuD as a uniquely brainexpressed posttranscriptional regulator of mRNA metabolism that is involved in many key steps of cortical generation, from governance of early stem cell cycles to the excitability and function of cortical circuits.
